Abstract Using inelastic scattering of light (Bragg spectroscopy), we study the lowenergy excitations of strongly correlated phases of ultracold bosons on the cross-over from correlated 1D superfluids to Mott insulators. As it is commonly performed in solid-state physics, the use of such a probe allows us to extract important information about the atomic many-body state. In particular we show that information can be extracted from the Bragg spectra about the dynamical structure factor S(q, ω) and about the one-particle spectral function A(q, ω). This technic could be extended to study more exotic correlated phases of ultracold atoms.
Introduction
Quantum many-body systems are physical systems in the degenerate quantum regime characterized by strong correlations between their components. The interactions between the large number of particles composing the system can not been neglected a priori. In this context the knowledge of the low-energy excitations is crucial since they control the response to a weak perturbation and the thermodynamics at low temperatures. The description of the dynamics of strongly correlated systems in terms of low-energy excitations (e.g. using Green functions) is common in condensed matter physics [1] .
From the experimental point of view, a crucial step consists in finding ways to measure the low-energy excitations of many-body systems. For instance the development of angle-resolved photoemission spectroscopy (ARPES) has played a major role in the study of high-T c superconductors giving information about the one-particle spectral function [2] . More generally, scattering of light or particles has proved to be a useful tool to measure low-energy excitations and better characterize strongly correlated systems [3, 4] .
For almost a decade now, ultracold atoms have been used to create correlated quantum phases from which solid-state physics problems can be adressed from a different perspective [5] . Apart from directly tuning the atom-atom interactions via Feshbach resonances, a common way to increase correlations between atoms consists in loading the gas in optical standing waves (optical lattices) [6] . Low-dimensional gases, Mottinsulating phases and disordered insulating states have been realized in experiments using optical lattices for bosonic or fermionic atoms [5] . As in solid-state physics, experimental tools are necessary to characterize these quantum many-body ultracold gases. The response to scattering processes in a similar manner to what is done in condensed matter physics is a natural candidate. Along those lines several techniques have been proposed consisting in scattering photons from the correlated atomic state and some of them have been implemented recently. They include radio-frequency spectroscopy [7, 8] , Raman spectroscopy [9] and Bragg spectroscopy [10] [11] [12] [13] In this paper we present our recent experimental work [12, 13] which consists in exploring correlated states of ultracold bosons by inelastic light scattering (Bragg spectroscopy). We measure the excitation spectra of 1D Bose gases in the correlated superfluid regime as well as in the Mott insulator regime, observing novel experimental signatures.
2 Two-photon Bragg transition: a probe for low-energy excitations Scattering of light by atoms in the Bragg regime refers to an inelastic scattering process of photons which couples two momentum states of the same internal atomic state. In the regime of negligeable spontaneous light scattering, the atom-light interaction is described as a dipole potential V =V e iωt that couples state α and state β of the single atom, withV
where the operator ψα (resp. ψ † β ) annihilates a particle in state α (resp. creates a particle in state β) and Ω is the Rabi frequency of the atomic transition. In the presence of an optical lattice, the two-photon Bragg transition can couple atomic states which belong to different energy bands of the optical lattice (see Fig. 1 ). We label the different bands by the integer n = 1..∞, n = 1 corresponding to the lowest-energy band.
We consider a two-photon transition from an atomic many-body state initially in the lowest-energy band (n = 1). We note the initial (resp. final) many-body wavefunction with N particles φ N i (resp. φ N f ). We write |φ N i , N n the state constituted of N atoms in the initial many-body wavefunction (i.e. in the lowest-energy band n = 1) and N atoms in a high-energy band n > 1. With this notation a two-photon transition from the many-body ground state can take two forms:
that the excited atom also belongs to the lowest-energy band n = 1 ; (ii) it couples the state |φ The calculation of the scattering rates of photons requires to consider all possible initial and final many-body states with the momentum and energy conservation conditions. This is not our purpose: we only want to give an idea of the type of terms entering this calculation. In evaluating the response of the atomic system to scattering of light from Eq. 1, we obtain two different types of contribution corresponding to the two elementary scattering processes (i) and (ii). The amplitude of the response for the first type of terms is:
These terms are related to the density-density correlation function in the many-body state | ψ † 1 (q)ψ 1 (q) | 2 , i.e. to the dynamical structure factor S(q, ω) of the many-body state.
Terms of type (ii) correspond to the Bragg transition coupling a state in the lowestenergy band to a higher-energy band, n > 1. Assuming that the excited state is decoupled from the initial one, one obtains
and the response to the scattering of light is related to the one-particle correlations, | ψ 1 (q) | 2 , i.e. to the one-particle spectral function A(q, ω) of the many-body state. In the presence of an optical lattice, the two states coupled by the Bragg beams can be considered independent in a good approximation when the amplitude of the periodic potential is large. Indeed in that case the different energy bands are separated by large energy gaps. In particular this assumption is correct when the atomic sample is in the Mott insulator. At last we note that the information about S(q, ω) and A(q, ω) are distinguishable experimentally since they come from different energy scales in the excitation spectrum: while S(q, ω) is related to the response at low energies, A(q, ω) is probed measuring the excitation spectrum in higher-energy bands.
Experimental procedure
The experiments are performed with 87 Rb atoms and the following time sequence [12, 13] . First, we load the ultracold atoms from a Bose-Einstein condensate (BEC) in three pairs of counter-propagating laser beams (optical lattices), the amplitudes of which determine the many-body state of the gas. Second, while the atoms are in this many-body state we shine them with two Bragg beams for a short duration (typically 3 ms) in order to create excitations in the system. Third, the amplitude of the optical lattices is ramped down to a small value (5E R ) where we wait for the excitations to thermalize. Finally, we switch both the 3D optical lattice and the magnetic trap, we let the atoms expand for a time-of-flight (typically 20 ms) and then we take an absorption picture of the atomic cloud. From the absorption pictures we evaluate the energy absorbed by the atomic sample from the Bragg beams [14, 12] . Monitoring the energy absorbed as a function of the relative detuning ν between the Bragg beams, we obtain the excitation spectrum at a given momentum transferhq 0 .
Creating correlated 1D Bose phases in optical lattices We create correlated atomic states using a 3D optical lattice (λ L = 830 nm) with amplitudes along each axis scaled in recoil energy unit: Vx = sxE R , V (y) = syE R and V (z) = szE R , where
All the experiments are performed with an array of 1D gases created by the lattices in the xOz plane, the amplitudes of which are fixed sx = sz = s ⊥ = 35 and large enough to ensure the 1D character of the gases (the transverse trapping frequency is ∼ 40 kHz much larger than the chemical potential µ 1D ∼ 3 kHz). Varying the amplitude sy of the lattice along the axis of the 1D tubes, the gases are driven from a correlated superfluid state (sy = 0) to a Mott insulating state (sy > 6). Starting from a 3D Bose-Einstein condensate, the 3D optical lattice is adiabatically ramped up with a 140 ms-long exponential ramp with a time constant 30 ms. As already mentioned, after shining the Bragg beams, the 3D lattice is linearly ramped down to s ⊥ = sy = 5E R where the system is left to thermalize for 5 ms. The expansion during a time-of-flight from the amplitude 5E R leads to an interference pattern in the density distribution of atoms, the latter being the atomic equivalent of light diffraction on a grating [15] .
Bragg beams setup The laser beams of the Bragg setup derive from a laser diode at λ B = 780 nm and are typically detuned by 300 GHz from the atomic transition D 2 of 87 Rb. The resonant condition for the two-photon Bragg process depends on the energy and the momentum given by these two beams. The frequency difference ν between the two beams (typically of the order of a few kHz) defines the energy transfer hν and it is controlled using two AOMs locked in phase. The momentum transferhq 0 is controlled by the angle θ between the beams, q 0 = 4π/λ B sin(θ/2). In the experimental setup, the two Bragg beams are mounted on independent mechanical supports which allows us to change θ. We align these mechanical setups in order to transfer the momentum hq 0 along the axis of the 1D atom tubes. q 0 is calibrated using the well-known response of a 3D BEC in the absence of any optical lattice. The spectra presented in this paper have been measured at a fixed
Measuring the amount of excitations in the linear response regime The response of the gases to the Bragg excitation is monitored by measuring the energy absorbed by the atomic sample after thermalization of the excitations. In brief, we measure the width of the central peak in the interference pattern obtained in the atomic distribution after a time-of-flight, as discussed previously. We have checked that, when the two-photon Bragg process is resonant, the increase of this width is proportional to the energy absorbed by the atoms. In addition, this quantity increases linear with both the power and the duration of the Bragg pulse in the range of parameters we use (details can be found in [13] ). Therefore the scattering of light at the finite momentum transfer q 0 we use allows exciting correlated atomic phases in a linear regime previously unaccessed by experiments.
Results

Dynamical structure factor S(q, ω) of the many-body atomic state
As discussed in Sect. 2, information about the dynamical structure factor S(q, ω) of the many-body atomic state can be extracted from Bragg transitions within the lowestenergy band (n = 1) of the optical lattice Vy. When restricted to transitions within the lowest-energy band, the response of the 1D gases to the scattering of light is related to terms of the type | ψ † 1 ψ 1 | 2 , i.e. to density-density correlation functions of the manybody state. In Fig. 2 we present low-energy Bragg spectra of the atomic gases across the superfluid to Mott insulator state. Superfluid-Mott insulator cross-over The dynamical structure factor of a Mott insulating state is expected to be very different from that of a correlated superfluid [17] . This point is qualitatively enlightened by the spectra presented in Fig. 2 . Indeed we observe that the Bragg spectrum of correlated 1D superfluids (Fig. 2a) ), which exhibits a single broad resonance, is clearly distinguishable from the spectrum in the Mott state (Fig. 2d) ) where several narrow resonant peaks are observed. We stress that the spectrum in the Mott state measured in the experiment is more complex than that of an homogeneous Mott insulator at zero temperature where a single resonance corresponding to a particle-hole excitation is expected. This complexity comes from: (i) the presence of a trapping potential which implies the existence of Mott regions with different fillings separated by superfluid domains (inhomogeneous Mott insulating state) [18] ; (ii) the finite temperature of the system. We will discuss these points later in the paper.
More quantitatively, the appearance of the first Mott insulating region can be precisely located by monitoring the width of the broad resonance for low values of sy. In the superfluid regime (Fig. 2a) ) we observe a single resonance. When increasing sy the 1D gases are driven into a state where a MI region appears with a resonant energy larger than that of the superfluid domain (the MI resonant energy lies above the lowest-energy band of the optical lattice n = 1). When the two peaks are not resolved, it implies that the width of the single resonance suddenly increases when a MI region appears. This analysis allows us to locate the appearance of the first MI region in the range U/J = 8 − 10 [12] , U being the on-site interaction and J the nextneighbour hopping amplitude of the Bose-Hubbard Hamiltonian [6] . This estimate is in good agreement with the most recent Monte-Carlo calculations for trapped systems [16] .
When the 1D gases are driven from a superfluid to an insulating state we expect the amplitude of the response to the light scattering to drop. The spectra in Fig. 2 clearly exhibit this behaviour. In addition, the amplitude is also expected to further drop in the MI state as the ratio U/J increases and atoms are more correlated. In Fig. 3 we plot the amplitude of the peak located at the particle-hole excitation energy ∆ p−h (q 0 ) in the Mott state. Fitting the experimental data with a power-law (J/U ) p we find an exponent p = 1.7(3) [19] in agreement with the expected value 2 [17] . Density-density correlations in the Mott state Elementary excitations in a homogeneous Mott-insulator state consist in particle-hole (p-h) excitations, i.e. moving a particle localized into a well of the periodic potential to a different site, already occupied. Therefore the typical energy needed for such a process is of the order of the on-site interaction energy U . The signature of the p-h excitations in the dynamical structure factor consists in a resonance located close to the energy U . We have observed these resonances in the low-energy spectra of the MI states. As it is shown on Fig. 2d ) the largest resonant peak in the MI state is observed at a frequency ∼ 2 kHz which is close to the energy U 2.2kHz. We have identified this resonant energy with the particle-hole excitation energy ∆ p−h (q 0 ) of the atomic Mott insulator for a momentum transferhq 0 . In Fig. 4a) we plot ∆ p−h (q 0 ) as a function of U/J and we compare the measurement to the bare value U (solid line) calculated from the localized Wannier functions [5] . We observe a systematic downwards shift of ∆ p−h (q 0 ) compared to U . ∆ p−h is expected to converge towards U for U/J 1 in the case of a homogeneous Mott insulator at zero temperature. In our experimental system, finite temperature effects and inhomogeneity might explain the observed discrepancy. The presence of the trapping potential is responsible for the existence of several Mott and superfluid regions in the 1D gases [18] . In this inhomogeneous Mott-insulator state, a particle can hop to a site already doubly occupied. The resonant energy of this process is expected to be twice that of the homogeneous Mott resonant energy ∆ p−h (q 0 ). In Fig. 2d ) a resonant peak is indeed present at a frequency ∼ 4 kHz. We have plotted the ratio of this resonant energy (around 4 kHz) to the one identified as ∆ p−h (q 0 ) for different values of U/J in Fig. 4b ): this ratio is constant and equal to 2. We exclude non-linear processes since the response to the light scattering lies in the linear regime and we attribute the presence of the peak at 2∆ p−h (q 0 ) to the inhomogeneity of the experimental system. Finally, we want to mention that we observed resonances in the energy range of 0.5-1.5 kHz in the Mott insulator regime (see Fig. 2d) ). These resonances can not be attributed to the superfluid domains since their resonant energy is too high [12] . In an uniform Mott insulator, the energy difference between the ground-state and the p-h excitations is order of U while the energy splitting between the latter is of the order of J. The finite temperature of the system is expected to populate several p-h excitations on an energy scale of the order of the temperature, a property that can be probed using Bragg spectroscopy [17] . Further investigations have to be performed to compare the experimental signals around 1 kHz with this scenario.
One-particle spectral function in the Mott insulator
We now consider two-photon Bragg transitions towards high-energy bands (n > 1) from an initial many-body state in the Mott insulator regime (sy > 6). For these amplitudes of the lattice Vy, the energy gaps between the lowest-energy band and the higher ones are large compared to the particle-hole excitation energy. We can therefore assume the few atoms excited by the Bragg beams to be single particles. As mentioned in Sec. 2, in this regime Bragg spectroscopy gives information about the one-particle spectral function of the many-body state since it involves terms like | ψ 1 | 2 . This regime of coupling the many-body ground-state to high-energy single-particle states is analogous to techniques like ARPES in condensed-matter physics: the excited atoms in the high-energy bands are the equivalent to the removed electrons from the initial many-body state.
In Fig. 5 we present the measurement of a Bragg spectrum of an inhomogeneous MI state (s ⊥ = 35, sy = 9) in the energy range corresponding to excitations in the third band (n = 3). A band-mapping technique has been used to measure the momentum of the excited atoms [15] . In this way we have demonstrated that the excitations presented in the energy scale of Fig. 5 indeed belong to the third energy band (see [13] for details). The interesting feature in the spectrum depicted in Fig. 5 is the modulation of the amplitude in the response to the Bragg excitation. The interpretation of this point is currently under investigation and we expect it will give information on the one-particle spectral function of the Mott insulator.
Conclusions
In this experimental work, we have implemented Bragg spectroscopy to probe the lowenergy excitations in correlated quantum phases of ultracold bosons. We have shown how to measure the response of the atomic sample to the scattering of light in the linear regime. In such a regime the interpretation of the results are performed in close analogy with what is done in condensed matter physics. In particular, experimental observations can be thought in terms of the dynamical structure factor S(k, ω) or the one-particle spectral function A(k, ω). The experimental signatures of strong atomic correlations and their link to the dynamical properties of the many-body states of the gases have been enlightened. This point underlines the interest of using Bragg spectroscopy as a tool to probe low-energy excitations in correlated quantum atomic phases. This technique could easily be extended to more exotic experimental situations like correlated mixtures of different atoms where peculiar quantum phases are expected.
